Introduction
Methane is a significant greenhouse gas with about 20% of the total direct radiative forcing (or global warming) of longlived greenhouse gases attributable to methane (Houghton et al. 1996) . Since pre-industrial times, the atmospheric concentration of methane has increased by about 140% (Fig. 1) and it is now 1800 ppb. Livestock globally produce 80103 million tonnes of methane per year, which is about one-quarter of the total anthropogenic sources of this gas (Manning et al. 1996) . Although methane from livestock is derived from carbon dioxide (CO 2 ) fixed from the atmosphere by plant growth and it is eventually oxidised back to CO 2 by hydroxyl radicals in the atmosphere (Crutzen 1987; Houghton et al. 1996) and organisms in the soil (e.g. Mosier et al. 1997; Willison et al. 1997) , it is an important greenhouse gas because the global warming potential over a 100-year time-frame is 21 times higher than that of CO 2 (Houghton et al. 1996) .
The Framework Convention on Climate Change as well as the Australian government negotiating position (Howard 1997) explicitly identifies methane as a greenhouse gas for which policies and measures need to be developed to reduce emissions. Methane emissions make up about 23% of the total Australian greenhouse emissions with ruminant livestock contributing about 52% of this component (NGGIC 1998) . Livestock contribute about 12% of the total national emissions (Table 1) with the majority (99%) being methane and the remainder nitrous oxide. This contrasts with most other developed nations where livestock emissions are typically a much smaller proportion of national emissions (e.g. USA 3.3%, UK 4%, Canada 3.8%, Japan 0.8%; UNFCCC 1998). Thus methane emissions are a more significant issue for Australia than for these nations. They are also important for New Zealand, whose livestock contribute 46% of national emissions (UNFCCC 1998) . In Australia, New South Wales and Queensland are the States with the largest contributions ( Table 2) . Emissions from feral animals are not included in the inventory as these emissions are not defined as anthropogenic.
Australia has signed the Kyoto Protocol and, if this agreement is ratified and comes into force, is required to keep average greenhouse gas emissions for the commitment period of 20082012 to within 108% of the emissions occurring in 1990. Trends in methane emissions from the livestock sector since 1990 show an overall decrease of 2%, with increases for beef cattle (24%) and dairy cattle (15%), but a 21% decrease for sheep (NGGIC 1998) . Projections of emissions from this sector suggest an increase of 7% from 1990 to 2010 (Anon. 1997 ) but this figure must be used cautiously given uncertainty in future market conditions. In contrast, business-as-usual emissions from the energy sector are projected to grow by 48% and this, combined with increases in emissions from other sectors, gives projected total emissions from 28% to 43% higher than 1990 levels, depending on whether emission-reduction measures are implemented or not (Anon. 1997) . Hence, there is a need to investigate and implement further options that will reduce Australian emissions, but at least economic cost to industry and to the nation. There is no reason to expect that these options should exclude the livestock sector even though growth in these industries emissions may not exceed the Kyoto target. There is thus need for information on emissions in terms of economic productivity to assess the implications of national emission reductions for the livestock industries. Lenzen (1998) has assessed greenhouse gas intensities of industry sectors in Australia in terms of CO 2 equivalent emissions embodied in products and services per dollar Gross Domestic Product (GDP) and per dollar final domestic consumption derived from each sector. Lenzen (1998) found that the Agriculture, Forestry and Fishing sector (9 kg CO 2 equivalents/$GDP) and related industries such as meat and dairy production ranked top in greenhouse gas intensities, being an order of magnitude higher than the national average (0.7 kg CO 2 equivalents/$GDP). This was largely due to substantial emissions from livestock and land clearing. Thermal electricity generation (7.7 kg CO 2 equivalents/$GDP) was also significantly higher than the average. This study, because of its national scope, did not, however, disaggregate sufficiently to dissect emissions arising solely from the livestock sector or its component industries. Looking at the farm gate level, the emission intensities in terms of emissions per unit income vary considerably across livestock industries. Howden et al. (1994) modelled the effect of changes in stocking rates on emissions from tropical beef cattle grazing systems and found a general optimum of 2 kg liveweight gain (LWG) per kg methane emitted from the whole system. This equates to about 7 kg CO 2 equivalents per dollar liveweight gain at current prices. Similar estimates were calculated by Hunter and McCrabb (1999) for other beef production systems. The ratio of emissions per dollar gross margin or farm cash income will be substantially greater than this figure but will be highly dependent on individual farm management. In a simulation study of a Victorian sheep farm there were 1619 kg CO 2 equivalents of methane (Khalil et al. 1993; Manning et al. 1996) . emitted per dollar gross margin . In contrast, from the preceding analysis, dairy cattle in Queensland produce 1.53 kg CO 2 equivalents per dollar at the farm gate for market milk and manufacturing milk, respectively, at current prices. Although the above examples necessarily use different units as they are drawn from different studies, they demonstrate why livestock products can embody significant amounts of emissions.
Emissions and economic productivity
These differences among livestock industries and between livestock and other sectors could become important if emission trading eventuates from the Kyoto Protocol. Although it is not possible to be definitive at this stage regarding either the likelihood or form of emission trading (Fisher and Beil 1998) , it is apparent from the above results that if a free-market approach were adopted, some of the livestock industries emission permits would be purchased rapidly by other industries which have lower emissions per unit economic productivity. Assuming that no new technology enables cost-effective emission reductions, this could be expected to significantly shrink the affected livestock industries, especially in regions of lower productivity such as rangelands. The magnitude of any such changes has not yet been studied and hence it is highly uncertain at present but it would depend on the relative elasticity of demand for livestock products compared with other products. If, for example, demand were completely inelastic, the marginal change in production costs from any trading scheme would be met by marginal changes in prices and the industry would be largely unaffected. However, this seems unlikely given past sensitivity of consumer response to the price of livestock products (e.g. Harris and Shaw 1992) and the disparities in greenhouse gas intensities of various Australian industry sectors (Lenzen 1998 ) and livestock industries as above. There could be a range of mechanisms to quarantine these industry impacts, such as excluding this sector from emissions trading, but this is likely to be argued against on the grounds that it provides an economically suboptimal solution (Fisher and Beil 1998) .
An alternative scenario is one where anti-methanogen technologies can reduce methane emissions and, assuming that emission permits are allocated pro rata on 1990 emissions (Hagan 1998 ), this will provide the livestock industries with a new source of income through the sale of emission permits. In such a scenario, there also may be significant advantages for further development of a green image for these industries.
In either scenario, there is a need to identify cost-effective ways to reduce total methane emissions at the national level and emissions per unit product at the farm level and to record changes in emissions that arise from adoption of these technologies and practices. The following sections briefly address these topics. They focus on options to reduce methane emissions per unit productivity but extend the discussion to address other sources and sinks of greenhouse gases which might constrain these options.
Tracking emissions
Methane is a normal by-product of ruminant digestion, and because it represents a loss of potentially productive energy from the animal, it has been studied for decades (e.g. Blaxter and Clapperton 1965) . Methane emissions per unit product when plotted against productivity typically show a curvilinear relationship (e.g. Fig. 2 ). This curve arises from non-linear relationships between intake and liveweight gain (e.g. Minson and McDonald 1987) but linear relationships found between methane emissions and feed intake of about 27 and 34 g methane/kg feed dry matter for animals on high grain diets and tropical forage, respectively (Kurihara et al. 1998) . The curvilinear response occurs because of the existence of a maintenance requirement for food intake (i.e. feed needed just to maintain weight). Where an animal is eating but not producing saleable product (holy cattle in India being an example), there will logically be an infinite amount of methane per unit product. Increasing intake by a small amount over the maintenance threshold will increase methane emissions proportionally but will increase the amount of product to a much greater extent, resulting in the curved relationship in Fig. 2 . If Australian livestock industries are to contribute to meeting the Kyoto Protocol targets through improvements in animal productivity, there has to be some way of recording these changes.
The National Greenhouse Gas Inventory (NGGI) is the approach used to assess Australian emissions. The NGGI is not structured specifically to assess emissions per unit productivity but rather total emissions by taking into account Australian livestock methane emissions Fig. 2 . Change in efficiency of liveweight gain (LWG) in terms of methane emissions with increasing rate of liveweight gain (LWG) for Bos indicus eating a tropical forage diet (n), and B. taurus and B. indicus on a high grain diet (u) (Kurihara et al. 1998) . Relationships for grain diets () and tropical forage (---) were constructed using the intake functions of Minson and McDonald (1987) and emission data from Kurihara et al. (1998) . animal types and classes/sizes and seasonal and geographical effects on animal and pasture/feed attributes (NGGIC 1996) . Nevertheless, using information from the NGGI, it is possible to illustrate that changes in emissions per unit productivity are already taking place in Australia. For example, the Queensland dairy industry has increased productivity per head markedly over the past decade, with annual average milk production increasing from 2924 L/head in 1988 to 4046 L/head in 1996. This has resulted in a reduction in average herd emissions per litre of about 26% (Fig. 3) , but average daily intakes and emissions per head increased by about 4 and 6%, respectively (Fig. 4) . The total herd emissions declined by 6% due to an 11% reduction in animal numbers. Total herd feed intake has remained effectively constant.
Similar increases in the productivity of the meat industries, and to a lesser extent the wool industry, will be reflected in the inventory through changes in numbers of different age classes and the size and weight gain of these classes. The main limitations on this being accurate and fully representative are: (1) the Australian Bureau of Statistics livestock statistics which are becoming more aggregated by animal class and less frequently collected over smaller subsamples of the grazing community; and (2) the capacity to collect sound information on liveweights and liveweight gains. However, increases in productivity can either increase or decrease greenhouse gas emissions. Some of these consequences are addressed in the next section.
Reducing greenhouse emissions
Increasing livestock performance has been suggested as a means of reducing emissions through reductions in emissions per unit product (e.g. Leng 1991 ). However, many of the pathways to increase livestock productivity also result in increased intake and hence greater methane emissions per head. Thus a cap on national emissions is likely to be achieved either through a commensurate reduction in animal numbers similar to that which has happened in the Queensland dairy industry as a result of industry restructuring, or through adoption of technologies which directly reduce methane emissions per unit intake. An alternative way of looking at this is that if total production remains relatively constant, there are significant opportunities to reduce methane emissions in the process even without new technologies (Joblin 1996) . There exists already a range of options to enhance production through reducing energy use which does not necessarily increase intake. These include provision of improved animal health and husbandry (e.g. Morris 1987; Obst et al. 1991) , adequate shading (e.g. Daly 1984) , better location of watering points, and growth promotants. The impact of these options on methane emissions has not yet been assessed. In addition, there exist several established approaches such as monensin and dietary fats which can reduce methane emissions by 2040% (e.g. Wilkinson et al. 1980; Machmuller et al. 1998) , although the effect with long-term use is uncertain (Sauer et al. 1998) .
Intensification and grain feeding
Feeding livestock high digestibility supplements such as grain in feedlots may seem to be one management strategy for reducing methane emissions, as emissions per unit production are likely to be low (e.g. Fig. 2) . However, the grain used in feeding will have resulted in emission of about 0.52 kg of CO 2 equivalents per kg up to harvest (Howden and OLeary 1997) as well as subsequent emissions associated with processing and transport. Hence, in a feedlot situation with liveweight gains of 11.5 kg/day it is possible that the emissions embodied in the grain consumed could be over 4 times those directly emitted by the animal and the total effective emissions per kg LWG would be equivalent to those of an animal gaining only 0.20.3 kg per day on pasture.
Another example of potentially counter-productive strategies arises through comparison of intensive dairy systems in the UK (Jarvis and Pain 1994) with lower intensity systems in Queensland, Australia. The higher productivity of the UK systems results in lower methane emissions per litre of milk when compared with those calculated from a typical Queensland dairy farm (Kerr 1993 ; Table 3 ). However, the higher nitrous oxide emissions due to greater levels of nitrogen in the UK system, both in the pasture consumed by the animals and in the level of fertiliser application, mean that the total greenhouse gas emissions from the UK dairy system are higher than those from the Queensland system (Table 3) .
These examples demonstrate why there is a need to adopt a broader, more comprehensive approach to assessing emissions and sinks of greenhouse gases when comparing options which may lead to reduced national emissions. Key components of such assessments in addition to off-site emissions and other greenhouse gases such as nitrous oxides include changes in carbon stocks of vegetation and soils as a result of management actions (AGO 1999) . The possibility of including changes in these carbon stocks additional to those already in the Kyoto Protocol is currently being assessed internationally.
Vegetation and soil management
Experience in grazing systems throughout Australia has demonstrated the risks to sustainable grazing through increasing animal productivity without making downward adjustment to animal numbers. For example, in north-eastern Australia, the introduction of Brahman breeds, legume pasture species, and phosphorus and nitrogen supplementation increased animal numbers and intakes per animal but resulted in rapid and substantial declines in pasture condition and carbon stores in grass biomass (Gardener et al. 1990) . Declines in pasture condition are linked closely to loss of soil carbon (Ash et al. 1996; Fig. 5) , which is likely to be an order of magnitude greater in terms of greenhouse emissions than the direct methane emissions from cattle. Generally, where overstocking is occurring, reduction in stock numbers to sustainable levels will reduce net emissions per unit productivity (Howden et al. 1994 and is likely to increase grass biomass and soil carbon stores (Northup and Brown, in press) . What constitutes sustainable grazing will need to be assessed on a paddock-by-paddock basis and this represents a significant challenge (e.g. Scanlan et al. 1994; Johnston and Garrad, in press ).
Growth and removal of woody biomass also represent significant sinks or sources of greenhouse gases in grazing systems. In parts of Australia, establishing farm forestry on previously grazed lands is an apparently financially advantageous land use change which will also act as an emission sink over the period of growth (Race and Curtis 1997) . Woody thickening as a result of ecological disturbance in parts of central Queensland appears to be a sink for about 15003300 kg CO 2 /ha.year (Burrows et al. 1998) , which is about 1.503 times the direct emissions from cattle grazing the affected areas (Howden et al. 1994) . Similarly, spread of mulga (Acacia aneura) in south-western Queensland due to reduced fire frequencies can act as a sink for up to 1000 kg CO 2 /ha.year, which is about 10 times the direct emissions from the sheep (Moore et al. 1997) . In all these cases, the increases in woody biomass are likely to diminish productive grazing potential on an effectively permanent basis (Scanlan 1986 ). However, establishment of woody forage shrubs such as Leucaena sp. (e.g. tMannetje 1997) or Chamaecytisus palmensis (Tagasaste) (e.g. Oldham et al. 1991 ) could conceivably achieve both grazing and greenhouse sink goals. The establishment of farm forestry lots and forage shrub plantations are likely to fit within the current Kyoto Protocol definitions for acceptable sinks, whereas there remains significant uncertainty as to the status of sinks associated with woody weed thickening and invasion. An additional limitation to claiming some of the biomass and soil carbon sinks that might arise under specific management options is the current lack of cost-effective measurement and monitoring capabilities (Harrison 1999) .
Sustainable grazing
If some of the above limitations can be removed, then there is a strong correspondence between management for reducing net greenhouse emissions and land management for sustainable grazing (although notable exceptions include areas with woody weed encroachment and vegetation thickAustralian livestock methane emissions (Ash et al. 1996) . ening). The recognition of these links is explicitly incorporated into the existing National Greenhouse Response Strategy (Anon. 1992 ) and the National Greenhouse Strategy (Anon. 1998) and suggests that it may be useful to start to view managing emissions on a per hectare basis rather than a per head or per kilo product basis. There exists a large amount of momentum in rural communities to implement more sustainable management practices, and significant support for this from the Commonwealth and State governments and industry programs such as the North Australia Program and Prograze initiatives of the farmer-owned company, Meat and Livestock Australia. There are also significant productivity improvements that may arise in the process of reducing methane emissions from ruminant livestock (Hegarty 1999; Hunter and McCrabb 1999) . Hence, rather than a threat to the livestock industries, reducing greenhouse gas emissions to meet possible Kyoto Protocol requirements is an issue that can be strongly aligned with industry priorities. The challenge is to ensure that the opportunities arising from this alignment are capitalised upon in a way that gives Australian livestock industries a comparative advantage. This will require a concerted effort by scientific researchers, industry, and policy makers.
Conclusion
As the second largest source of greenhouse gas emissions in Australia, the livestock sector will face increasing pressure to reduce its emissions to meet Kyoto Protocol targets. This could have both positive and negative impacts on Australias livestock industries. Government or free market processes which aim to minimise economic impact whilst reducing emissions could result in significant downsizing of the industry if no new emission reduction technologies are developed. An alternative scenario is if anti-methanogen technologies are developed, mechanisms such as emissions trading could provide these industries with a new source of income, provided that emission permits are grandfathered to industries pro rata at current emission levels. Multiple industry goals could be achieved by reducing methane emissions, due to the strong linkage of this reduction with both improved efficiency of production and sustainable land management goals.
